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Predictors of Stroke Outcome Extracted from Multivariate Linear
Discriminant Analysis or Neural Network Analysis
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Aim: The prediction of functional outcome is essential in the management of acute ischemic stroke patients. We
aimed to explore the various prognostic factors with multivariate linear discriminant analysis or neural network
analysis and evaluate the associations between candidate factors, baseline characteristics, and outcome.

Methods: Acute ischemic stroke patients (7=1,916) with premorbid modified Rankin Scale (mRS) scores of
0-2 were analyzed. The prediction models with multivariate linear discriminant analysis (quantification theory
type II) and neural network analysis (log-linearized Gaussian mixture network) were used to predict poor
functional outcome (mRS 3-6 at 3 months) with various prognostic factors added to age, sex, and initial
neurological severity at admission.

Results: Both models revealed that several nutritional statuses and serum alkaline phosphatase (ALP) levels at
admission improved the predictive ability. Of the 1,484 patients without missing data, 560 patients (37.7%) had
poor outcomes. The patients with poor outcomes had higher ALP levels than those without (294.3 £259.5 vs.
246.3+92.5 U/l, P<0.001). Multivariable logistic analyses revealed that higher ALP levels (1-SD increase) were
independently associated with poor stroke outcomes after adjusting for several confounding factors, including
the neurological severity, malnutrition status, and inflammation (odds ratio 1.21, 95% confidence interval 1.02—
1.49). Several nutritional indicators extracted from prediction models were also associated with poor outcome.

Conclusion: Both the multivariate linear discriminant and neural network analyses identified the same
indicators, such as nutritional status and serum ALP levels. These indicators were independently associated with
functional stroke outcome.
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discharge. Neurological severity at stroke onset is one

Introduction of the most important factors for predicting long-term

Predicting functional outcomes after acute functional outcomes. Simple and reliable assessments
ischemic stroke is important because patients with based on age and the National Institutes of Health
physical disability at hospital discharge require varying Stroke Scale (NIHSS) score have been widely used to
levels of rehabilitation or long-term care after predict functional outcomes among acute stroke
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patients'™. In clinical settings, blood laboratory and

neurological findings are essential for acute ischemic
stroke. We reported previously that malnutrition
status based on laboratory findings at admission is
independently associated with poor stroke outcome
after adjusting for baseline characteristics, including
age, sex, and the NIHSS score?. In that study,
nutritional status was evaluated using the Controlling
Nutritional Status (CONUT) score”, which is
calculated from the serum albumin concentration,
total peripheral lymphocyte count, and total
cholesterol level. Conversely, several other simple
scores calculated from laboratory findings, including
lymphocyte count, neutrophil count, platelet count,
albumin levels, and C-reactive protein levels, were
proposed. These indicators are also associated with
stroke outcomes®!?. Other studies have shown that
hemoglobin levels, plasma D-dimer levels, and
decreased estimated glomerular filtration rate are
associated with stroke outcomes'''¥. Although
accumulated evidence suggested that blood laboratory
findings at admission are useful for predicting stroke
outcomes, weighing those laboratory parameters
relative to each other or evaluating their priority
because of the various fluctuations in the ranges of
laboratory findings are sometimes difficult.
Additionally, it remains unclear which laboratory
parameters at admission, besides age, sex, and the
NIHSS score, improve the predictive ability for stroke
outcomes.

Machine learning has recently been applied to
predict clinical outcomes in several medical fields.
This method may provide a promising factor or
scoring system for predicting clinical outcomes unlike
traditional analysis models based on the assumption of
a linear relationship between selected variables and the
log odds of outcomes. The log-linearized Gaussian
mixture network (LLGMN), a kind of machine
learning method, has been used for pattern
classification problems of various bioelectric
signals'”. In the present study, we aimed to find
useful blood laboratory parameters besides age, sex,
and neurological severity (the NIHSS score) to
improve the predictive ability for acute ischemic stroke
outcome using both traditional and neural network
analyses. Additionally, we evaluated the clinical
significance of indicators extracted from those analyses
to correspond to the stroke functional outcome.

Methods

Study Population
This was a double-center, hospital-based
retrospective study involving patients with acute
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ischemic stroke within 7 days after stroke onset
hospitalized at Hiroshima University and Chikamori
Hospital between October 2009 and September 2018.
Patients with intravenous thrombolysis or
endovascular treatment were excluded from this study.
A total of 2,359 consecutive patients were enrolled.
This study complies with the Declaration of Helsinki
guidelines for investigations involving humans, and
the study protocol was approved by the Ethics
Committees of Hiroshima University and Chikamori
Hospital. This study was conducted under the opt-out
method, as it was conducted retrospectively using
clinical records.

Assessment of Clinical Characteristics

The following clinical characteristics were
recorded at admission: age, sex, body mass index
(BMI), and classical vascular risk factors including
hypertension, diabetes mellitus, dyslipidemia, chronic
kidney disease (CKD), atrial fibrillation, daily alcohol
intake (>40 g), smoking habit (current smokers or
non—current smokers), and history of stroke and
ischemic heart disease. Criteria for hypertension,
diabetes mellitus, dyslipidemia, and atrial fibrillation
were previously defined”. CKD was evaluated by
eGFR using the equation of the Japanese Society of
Nephrology: eGFR =194 x creatine (Cr) "% x age ™%
(mL/min/1.73 m?). For women, the eGFR was
multiplied by a correction factor of 0.739 '. CKD
was defined as an eGFR level <60 mL/min per 1.73
m®. Atrial fibrillation was diagnosed when a previous
electrocardiography (ECG) or ECG conducted on
admission revealed atrial fibrillation. Neurological
severity was assessed according to the NIHSS score.
Stroke subtypes were classified according to the criteria

established by the Trial of ORG 10172 in Acute

Stroke Treatment classification'.

Laboratory Parameters

Supplemental Table 1 lists the laboratory
parameters. These parameters are basically used to
manage patients with acute stroke in daily clinical
settings in our hospitals. Most blood samples were
collected at admission, and some findings, such as
hemoglobin Alc (HbAlc) or cholesterol levels, were
obtained within 2 days after admission. We calculated
the following scores reflected as nutritional status or
inflammation. The CONUT scores were calculated
from the serum albumin concentration, total
peripheral lymphocyte count, and total cholesterol
concentration®. The Geriatric Nutritional Risk Index
(GNRI) was calculated from serum albumin levels and
BMI?. The NLR (neutrophil-to-lymphocyte ratio),
PLR (platelet-to-lymphocyte ratio), and CAR (CRP-
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to-albumin ratio) were also calculated® 2"

Assessment of Stroke Outcomes

The primary outcome was evaluated from the
3-month functional status. A poor outcome was
defined as a score of 3-6 on the modified Rankin
Scale (mRS); a score of 0-2 was defined as a good
outcome. Secondary outcomes were an mRS score of
0-1 at 3 months and death at 3 months. Essentially,
attending physicians evaluated the mRS score at 3
months after stroke onset by examining the patients.
When physicians were unable to examine the patients,
the mRS score was assessed by the attending
physicians based on a review of the medical records or
contacting the caregivers of patients.

Statistical Analysis

Categorical variables are presented as numbers
and percentages, and continuous variables are
presented as the means with standard deviations (SDs)
or medians (interquartile ranges). The statistical
significance of intergroup differences was evaluated
using the x* test for categorical variables and Student’s
¢ test, Mann—Whitney U test, or one-way analysis of
variance for continuous variables as appropriate. The
various baseline indicators listed in Supplemental
Table 1 were added to the following prediction
models. Quantification theory type II was used as a
multivariate linear discriminant model based on the
assumption of a linear relationship between selected
variables and the log odds of outcomes®. This
method is a discriminant analysis of qualitative data
with external criteria of nominal scale, and both
dependent variables and covariates are treated as
categorical data. This method is equivalent to a linear
discriminant analysis using dummy variables. The
LLGMN analysis was used as a neural network
analysis for a multivariate nonlinear discriminant
model. This network analysis allows us to estimate the
statistical distribution of sample data based on
machine learning and predict the posterior probability
of the class for unknown input data. A detailed
description of the methods used for the LLGMN
analysis is provided in the Supplemental Materials.
From the results of those prediction models, we
focused on the ALP levels at admission. Spearman’s
correlation analysis was conducted to determine the
associations between ALP levels and other laboratory
findings. Receiver operating characteristic (ROC)
curves were constructed to obtain the optimal cutoff
ALP levels to predict poor stroke outcome (mRS score
of 3—6 at 3 months). Multivariable logistic analysis
was conducted to identify predictors for the primary
outcome by a backward selection procedure using P>

0.10 of the likelihood ratio test as the exclusion

criterion. Those analyses were conducted using JMP
14.0 (SAS Institute, Inc., Cary, NC, USA).

Results

Baseline Characteristics and Laboratory Findings
to Improve the Predictive Ability for Stroke
Outcome

A total of 2,359 consecutive patients were
enrolled. The flow chart of patient selection is shown
in Fig.1A. Among these patients, 443 patients were
excluded due to premorbid mRS > 3. Of the
remaining 1,956 patients, 737 patients were excluded
due to lack of any abovementioned blood laboratory
findings or lack of data on functional outcomes. Of
the remaining 1,219 patients, 791 patients had good
outcomes, and 428 patients had poor outcomes.
Therefore, 800 patients were selected equally for good
outcome (7=400) or poor outcome (7=400) by
randomness extraction algorithms and analyzed using
multivariate linear discriminant analysis
(quantification theory type II) or LLGMN with
10-fold cross-validation. The area under the curve
(AUC) of variables including age, sex, and the NIHSS
score (reference) to predict poor outcome was 0.776
using multivariate linear discriminant analysis. The
AUC of those variables was 0.819 using LLGMN.
After adding the various indicators to age, sex, and the
NIHSS score, each AUC value was evaluated. Fig.2
shows the indicators that ranked in the top 10 for
improving the predictive ability. Both analyses revealed
that several factors, such as ALP, CONUT score,
albumin, and GNRI, were important factors for
improving the predictive ability of AUC for poor

stroke outcome.

The Associations between Alkaline Phosphatase
and Baseline Characteristics

From the above results, we focused on the
association between ALP values, baseline
characteristics, and stroke outcomes. Fig.1B shows
the flow chart of patient selection. Finally, 1,484
patients were evaluated to analyze the associations
between ALP, baseline characteristics, and stroke
outcome. Table 1 shows the baseline characteristics of
the patients who were divided into four groups
according to the quartiles of ALP values (< 192, 193—
238, 239-296, and > 297 U/l). Increased ALP values
were associated with older age and higher prevalence
of previous stroke (2=0.016 and 0.025). Additionally,
increased ALP values were associated with a higher
GNRI and higher CAR (P=0.030 and <0.001).

Supplemental Table 2 shows Spearman’s correlation
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Table 1. Baseline characteristics by quartiles of ALP values

ALP Quartiles, U/l

Factors Q1 (£ 192) Q2 (193-238) Q3 (239-296) Q4 (= 297) Y4
(n=374) (n=371) (n=368) (n=371)

Age, years 71.8+12.8 73.0+11.6 74.1%10.8 74.1%10.5 0.016
Sex, male 238 (63.6) 238 (64.2) 227(61.7) 221 (59.6) 0.56
BMI, kg/m2 (n=1,463) 23.4%3.6 23.5%€3.9 23.2%+39 22.9+3.8 0.19
Daily alcohol intake (7 =1,459) 113 (30.7) 118 (32.4) 112 (31.0) 91 (24.9) 0.11
Current smoking (7 =1,460) 67 (18.2) 89 (24.4) 84 (23.3) 73 (20.0) 0.14
Hypertension 266 (71.1) 242 (65.2) 267 (72.6) 254 (68.5) 0.14
Diabetes mellitus (2 =1,483) 134 (35.9) 136 (36.7) 113 (30.7) 131 (35.3) 0.32
Dyslipidaemia (7 =1,481) 196 (52.6) 179 (48.4) 193 (52.5) 166 (44.9) 0.11
Chronic kidney disease 150 (40.1) 156 (42.1) 147 (40.0) 136 (36.7) 0.51
Atrial fibrillation (7 =1,483) 7 (23.3) 72 (19.5) 80 (21.7) 76 (20.5) 0.62
Previous stroke (7 =1,483) 0 (24.1) 8 (23.7) 115 (31.3) 114 (30.7) 0.025
Previous ischaemic heart disease 56 (15.0) 9 (13.2) 48 (13.0) 51 (13.7) 0.87
NIHSS score at admission 3 (1-6) 3 (1-5) 3 (1-7.5) 3 (1-7) 0.46
Stroke subtype 0.31

Small-vessel occlusion 90 (24.1) 9 (26.7) 8 (26.6) 103 (27.8)

Large-artery atherosclerosis 79 (21.1) 5 (25.6) 9 (24.2) 92 (24.8)

Cardioembolic stroke 111 (29.7) 6 (23.2) 107 (29.1) 87 (23.5)

Other actiology 4(25.1) 1 (24.5) 74 (20.1) 89 (24.0)
Laboratory scores

CONUT (n=1,477) 1 (0.5-3) 1(0-2) 1 (0-3) 2 (0-3) 0.07

GNRI (2 =1,454) 105.1 (98.4-111.9) 105.5 (98.4—-111.5) 104 8(97.8-111.1) 103 2 (94.4-110.6) 0.030

NLR ( =1,479) 2.8 (1.8-4.7) 2.9 (2.0-4.1) 0 (1.9-5.3) 0 (2.0-5.0) 0.37

PLR (2 =1,479) 124.7 (95.3-171.2) 124.4 (98.4-166.0) 131.1 (97.8-184.4) 133 0 (92.4-184.4) 0.39

CAR (n =1,470) 0.03 (0.02-0.09)  0.05 (0.02-0.10)  0.05 (0.02-0.13)  0.06 (0.02-0.23) <0.001

Data are presented as the means * standard deviation for age, BMI, and each laboratory finding; as median (interquartile range) for NIHSS score at
admission, CONUT, GNRI, NLR, PLR, and CAR; and as number of patients (%) for others.

ALP, alkaline phosphatase; BMI, body mass index; NIHSS, National Institutes Health Stroke Scale. CONUT, Controlling Nutritional Status;
GNRI, Geriatric Nutritional Risk Index; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; CAR, C reactive protein-to-

albumin ratio

analysis between ALP values and other laboratory
findings. Lower HDL, higher AST, higher ALT, higher
LDH, higher y-GTP, higher CRP, and higher
D-dimer levels were closely associated with higher

ALP levels (P<0.001, respectively).

The Associations between Alkaline Phosphatase
and Stroke Outcomes

Of 1,484 patients, 560 patients (37.7%) had
poor outcomes (mRS score of 3-6) at 3 months after
stroke onset. The patients with poor stroke outcomes
were older and less likely to be male; had lower BMI,
frequency of daily alcohol intake, and current
smoking; had a higher frequency of CKD, atrial
fibrillation, and previous stroke; and exhibited more
severe NIHSS scores than those with good outcomes
(Table 2). The patients with poor outcomes had
higher ALP levels than those with good outcomes
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(294.3+259.5 vs. 246.3%92.5 U/l, P<0.001).
Similarly, the patients with poor outcomes had higher
CONUT, GNRI, NLR, PLR, and CAR than those
with good outcomes (£<0.001). Supplemental Table
3 shows other blood laboratory findings between the
two groups. The optimal cutoff ALP level to predict
patients with poor outcomes was > 288 U/l, with a
sensitivity of 55%, a specificity of 59%, and an area
under the ROC curve of 0.578. Multivariable logistic
analyses were conducted using the following three
models. The variables included in model 1 were age,
sex, BMI, daily alcohol intake, current smoking,
comorbidities (hypertension, diabetes mellitus,
dyslipidemia, CKD, and atrial fibrillation), previous
stroke, previous ischemic heart disease, the NIHSS
score, and ALP levels (quartiles range, 1-SD increase
or optimal cutoff ALP level > 288 U/I). For model 2,
the other blood laboratory findings were added to
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A
Patients with acute ischaemic stroke (n =2359)

excluded| - Lack of data on the pre-morbid modified
—_ mRS or pre-morbid mRS score > 3
(n=443)
* Each missing laboratory finding (n = 737)

Enrolled patients (n = 1219);
good outcome (n=791) and poor outcome (n= 428)

The patients were selected equally for good
outcome (n=400) or poor outcome (n=400)
by randomness extraction algorithms

Prediction models were performed to improve the
predictive ability for stroke outcome (n = 800)

Fig. 1.

B

Patients with acute ischaemic stroke (n = 2359)

excluded | - Lack of data on the pre-morbid modified
—_ mRS or pre-morbid mRS score > 3
(n=443)
*+ Missing ALP values (n = 39)

v
Enrolled patients (n = 1877)

excluded

> + Lack of data on the functional outcomes
3 months after stroke onset (n = 393)

v

Multivariable logistic analysis was performed to identify
predictors for stroke outcome (n = 1484)

Flowchart of patient selection for (A) the prediction models for multivariate linear discriminant analysis (quantification theory type II) and
neural network analysis (log-linearized Gaussian mixture network) and (B) the association between alkaline phosphatase (ALP) levels, baseline

characteristics, and stroke outcome.

A ALP I 0.790
CONUT score NN 0.787
Alb I 0.786
neutrophil count NN (755
GNRI score NN  (.754
LDH I  0.781
HbAlc NN 731
white blood cells NN (.750
lymphocyte count NN (.75
NLR I 77
Reference [N 0.776

0.765 0.77 0.775 0.78 0.785 0.79 0.795
AUC values

B

GNRI score NN 0.832
CONUT score NS 0.830
ALP I 0826
Alb [ 0826
previous stroke [INNIEGGGGN 0.826
NLR s 0.824
CRP IS 0.824
PLR 0.823
ChE I 0.823
lymphocyte count |GG 0.821
Reference NG 0.819

0.81 0.815 0.82 0.825 0.83 0.835
AUC values

Fig.2. The area under the curve (AUC) from the receiver operating characteristic curve was used to predict stroke outcome of the

10 highest ranked variables

(A) Multivariate linear discriminant analysis, (B) log-linearized Gaussian mixture network analysis. References indicated age, sex, and National

Institutes of Health Stroke Scale score.

ALP, alkaline phosphatase; CONUT, Controlling Nutritional Status; Alb, albumin, GNRI, Geriatric Nutritional Risk Index; LDH, lactate
dehydrogenase, NLR, neutrophil-to-lymphocyte ratio; CRP, C-reactive protein; PLR, platelet-to-lymphocyte ratio; ChE, cholinesterase.
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Table 2. Baseline characteristics associated with 3-month functional outcome

mRS 0-2 (7 =960) mRS 3-6 (n=524) ?

Age, years 70.8+11.5 77.8%£9.9 <0.001
Sex, male 640 (66.7) 284 (54.2) <0.001
BMI, kg/m2 (n=1,463) 23.6x3.7 22.6+3.8 <0.001
Daily alcohol intake (7 =1,459) 310 (32.7) 124 (24.3) <0.001
Current smoking (7 =1,460) 240 (25.3) 73 (14.3) <0.001
Hypertension 658 (68.5) 371 (70.8) 0.38
Diabetes mellitus (7 =1,483) 336 (35.0) 178 (34.0) 0.73
Dyslipidaemia (7 =1,481) 493 (51.4) 241 (46.3) 0.06
Chronic kidney disease 340 (35.4) 249 (47.5) <0.001
Atrial fibrillation (7 =1,483) 156 (16.3) 159 (30.4) <0.001
Previous stroke (7 =1,483) 238 (24.8) 169 (32.3) 0.002
Previous ischaemic heart disease 120 (12.5) 84 (16.0) 0.06
NIHSS score at admission 2 (1-4) 7 (3-17) <0.001
Stroke subtype <0.001

Small-vessel occlusion 281 (29.3) 109 (20.8)

Large-artery atherosclerosis 242 (25.2) 113 (21.6)

Cardioembolic stroke 211 (22.0) 180 (34.4)

Other aetiology 226 (23.5) 122 (23.3)
Laboratory findings 71 (29.3) 49 (35.0)

ALP levels U/l 246.3+92.5 294.3+259.5 <0.001

CONUT (n=1,477) 1(0-2) 2 (1-3) <0.001

GNRI (2 =1,454) 106.3 (100.1-112.8) 100.4 (92.8-107.6) <0.001

NLR (7 =1,479) 2.6 (1.8-3.9) 3.9 (2.3-6.6) <0.001

PLR (1 =1,479) 122.8 (93.8-168.4) 142.6 (100.0-204.7) <0.001

CAR (7 =1,470) 0.04 (0.02-0.09) 0.07 (0.03-0.34) <0.001

Data are presented as the means * standard deviation for age, BMI, and each laboratory finding; as median (interquartile
range) for NTHSS score at admission, CONUT, GNRI, NLR, PLR, and CAR; and as number of patients (%) for others.

ALD, alkaline phosphatase; BMI, body mass index; NIHSS, National Institutes Health Stroke scale. CONUT, Control-
ling Nutritional Status; GNRI, Geriatric Nutritional Risk Index; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-
lymphocyte ratio; CAR, C reactive protein-to-albumin ratio

model 1. For model 3, scores calculated from blood
laboratory findings (CONUT scores, GNRI, NLR,
PLR, and CAR) were added to model 1. Multivariable
analysis revealed that increased ALP levels were
independently associated with poor stroke outcome
after adjusting for several baseline characteristics and
laboratory findings (Table 3). For other candidate
parameters (albumin, CONUT score, and GNRI)
extracted from prediction models, ALP levels as a
1-SD increase were adopted as follows. Serum
albumin levels were independently associated with
poor stroke outcome (odds ratio (OR) 0.46, 95%
confidence interval (CI) 0.34—0.61, <0.001, model
2). Higher CONUT score and lower GNRI were also
associated with poor stroke outcome (OR 1.15, 95%
CI 1.04-1.26, P=0.006 and OR 0.98, 95% CI 0.96—
0.99, P=0.008, respectively, model 3).

Of 1,484 patients, 83 patients (5.6%) had died
at 3 months after stroke onset. The patients who had
died by 3 months had higher ALP levels than survivors
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(412.6+565.2 vs. 254.4+107.0 U/l, P<0.001).
Multivariable analysis revealed that a 1-SD increase in
ALP levels was independently associated with
mortality (OR 1.42, 95% CI 1.18-1.70, P<0.001,
model 1, and OR 1.40, 95% CI 1.11-1.76, P<
0.001, model 3) although these associations were not
significant according to the analysis of model 2 (OR
1.30, 95% CI 0.98-1.73, P =0.067).

For the analysis of secondary outcome on mRS
scores of 0-1 at 3 months, 194 patients with a
premorbid mRS score of 2 were excluded. Of the
remaining 1,290 patients, 699 patients had mRS
scores of 0—1 at 3 months (54.2%). The patients with
mRS scores of 2—6 had higher ALP levels than those
with mRS scores of 0-1 (278.1+214.5 vs. 245.7
93.7 U/l, P=0.001). Multivariable analysis revealed
that a 1-SD increase in ALP levels was independently
associated with mRS scores of 2—6 at 3 months (OR
1.21 95% CI 1.02-1.45, P=0.015, model 1, and OR
1.26, 95% CI 1.03-1.54, P=0.014, model 3),
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Table 3. Odds ratio (95% CI) for poor functional outcome at 3 months by quartiles, 1-SD change and optimal cut-off value in

alkaline phosphatase levels

ALP Quartiles, U/L

ALP (> 288) vs.

1-SD increase in

Ql (<192) Q2(193-238) Q3 (239-296) Q4 (2297) AP el ALP (<288)
(n=374) (n=371) (n=368) (n=371)
Model 1 1.00 1.04 (0.70-1.55)  1.64 (1.12-2.41)  1.98 (1.36-2.90)  1.30 (1.11-1.56)  1.88 (1.42-2.48)
Model 2 1.00 1.01 (0.66-1.52)  1.62 (1.10-2.42)  1.80 (1.21-2.68)  1.21 (1.02-1.49)  1.81 (1.35-2.42)
Model 3 1.00 1.06 (0.70-1.60)  1.72 (1.16-2.54)  1.91 (1.29-2.83)  1.31 (1.09-1.61)  1.76 (1.32-2.33)

Model 1: age, sex, body mass index, daily alcohol intake, current smoking, comorbidities (hypertension, diabetes mellitus, dyslipidaemia, chronic
kidney disease and atrial fibrillation), previous stroke, previous ischaemic heart disease, National Institutes Health Stroke Scale, ALP levels (quartiles

range or 1-SD increase).
Model 2; the other blood laboratory findings were added to model 1.

Model 3: Calculated scores (CONUT, GNRI, NLR, PLR, and CAR) were added to model 1.
ALP, alkaline phosphatase; CONUT, Controlling Nutritional Status; GNRI, Geriatric Nutritional Risk Index; NLR, neutrophil-to-lymphocyte
ratio; PLR, platelet-to-lymphocyte ratio; CAR, C reactive protein-to-albumin ratio

although those associations were not significant
according to the analysis of model 2. Conversely, a
1-SD increase in ALP levels was independently
associated with mRS scores of 3-6 at 3 months among
patients with a premorbid mRS score of 0-1 in each
model (OR 1.32 95% CI 1.10-1.59, P<0.001,
model 1, OR 1.24, 95% CI 1.01-1.53, P=0.041,
model 2 and OR 1.34, 95% CI 1.09-1.66, 2=0.002,
model 3).

Discussion

In the present study, by using multivariate linear
discriminant or neural network analysis, ALP has been
found to be a promising biological marker for
improving the predictive ability for stroke outcomes
when added to age, sex, and the NIHSS score.
Additionally, after adjusting for baseline characteristics
and other blood parameters, increased ALP levels were
independently associated with poor stroke outcome.

A neural network analysis, a kind of machine
learning, is an algorithm that works with a large
number or possible predictor variables. Recently, this
method has been applied in the medical field because
it can predict disease severity or classification. In the
present study, by using traditional or neural network
analysis, ALP and nutritional status (CONUT score,
albumin, or GNRI) have been found to be promising
biological markers to predict functional stroke
outcome. Remarkably, almost all AUC values used to
predict poor outcomes with LLGMN were relatively
higher than the AUC values obtained using a
traditional analysis. Thus, the machine learning
method may be superior to the traditional method.
The CONUT score, an index calculated from the
serum albumin concentration, total peripheral
lymphocyte count, and total cholesterol concentration,

is a screening tool for nutritional evaluation that has
been validated in hospital populations®. We reported
previously that malnutritional status using the
CONUT score was independently associated with
poor stroke outcomes among acute ischemic stroke
(n=230)". Compared with that in our previous study,
in the present study, the CONUT score has been
confirmed to be a useful indicator for predicting
stroke outcome in a large cohort. Only albumin might
be a useful marker for predicting stroke outcome from
our prediction models, although albumin is a
component factor of the CONUT score. Indeed,
several clinical studies have reported that reduced
serum albumin levels in acute stroke patients were
associated with poor outcomes® . The GNRI,
which was calculated from serum albumin levels and
BMI, was also associated with poor stroke
outcomes®. In any case, assessments of nutritional
status at admission are essential among acute ischemic
stroke patients because malnourished stroke patients
have a higher frequency of pneumonia, other
infections, gastrointestinal bleeding, and bedsores than
nourished patients®. Our findings provided further
evidence that several nutritional indicators selected
from prediction models were important factors for
predicting stroke outcome.

Interestingly, besides nutritional status, serum
ALP levels were ranked highly for improving the
predictive ability for stroke outcome from both
multivariate linear discriminant and neural network
analyses. Therefore, we focused on the association
between ALP levels, baseline characteristics, and stroke
outcome in the present study. Serum ALP is usually
used as a marker of liver disease or biliary obstructive
disease in clinical settings. Recently, several studies
have found that increased ALP levels were associated
with cardiovascular events or mortality in the general
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population”*?. Kunutsor et al. reported that the

multivariate relative risk for cardiovascular events per
1-SD change in baseline ALP was 1.09 (95% CI
1.02-1.16) in a meta-analysis®”. Additionally, studies
regarding ALP as a prognostic stroke biological
marker®?? had been accumulated. In the present
study, we found that increased ALP levels at admission
were independently associated with poor outcome at 3
months post-stroke onset after adjustments for other
important parameters, including nutritional status
related to stroke outcome.

Several possible mechanisms for the association
between increased ALP levels and poor outcomes after
stroke have been proposed. First, increased ALP levels
have been implicated in the pathogenesis of vascular
calcification®”. Vascular calcification is known to
cause cardiovascular morbidity and mortality, and
aortic calcification increases the relative risk of
stroke®” 39, Second, serum ALP levels are also
associated with inflammation or malnutrition®> 3.
Indeed, in the present study, increased ALP levels were
associated with CRP levels, D-dimer levels, and several
nutritional statuses. However, we found that increased
ALP levels were independently associated with poor
stroke outcome after adjustment for those indicators.
Hence, the association between ALP and poor stroke
outcome is less likely to be merely dependent on
malnutritional status and inflammation. Third, several
basic studies have shown that ALP activity can be
expressed in brain endothelial cells and neurons 3.
Lee et al. found that increased ALP levels were
associated with the presence of cerebral small vessel
disease®”. These basic and clinical findings might
indicate that ALP plays a role in the blood—brain
barrier (BBB) breakdown, neuroinflimmation, and
vascular dysfunction in stroke patients*’. The
mechanisms underlying the associations between
increased ALP levels, neuroinflammation, BBB
permeability, and vascular homeostasis might
contribute to poor stroke outcomes*".

Our study has several limitations. First, we
excluded patients with intravenous thrombolysis or
endovascular therapy because those therapies are
strongly associated with stroke outcome. Additionally,
not all subjects could be evaluated for blood laboratory
parameters, which might lead to potential selection
bias. Second, the AUC of ALP levels alone as a
predictor of poor outcomes was not very high.
Additionally, a 1-SD increase in ALP levels was not
independently associated with secondary outcomes
(mRS score of 2-6 at 3 months or mortality) after
adjusting for other laboratory findings from blood
samples (model 2). A larger validation cohort may be
required to verify the usefulness of ALP levels as a
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predictor of various stroke outcomes. Third, we could
not evaluate serum phosphate levels or
25-hydroxyvitamin D levels. We were also unable to
evaluate bone disease affecting serum ALP levels.
Interactions between ALP, phosphate, and vitamin D
levels are associated with calcium and bone
metabolism. Fourth, we did not evaluate detailed
information on liver diseases that affect serum ALP
levels. However, we could evaluate the daily alcohol
intake and other liver enzymes. Multivariable analysis
was conducted and adjusted for those influences.
Serum ALP included several isoenzymes derived from
the bone, liver, intestine, and so on. Further studies
may be needed to elucidate the mechanism of
association between increased specific ALP levels and
poor stroke outcome.

To conclude, we determined prognostic factors
such as ALP levels and nutritional status from
prediction models of the multivariate linear discriminant
and neural network analyses among acute ischemic
stroke patients. These indicators were independently
associated with functional outcome. Nutritional
management is necessary for improving stroke outcome,
and accurate nutritional intervention may prevent
weight loss and enhance the muscle strength and
quality of life of malnourished patients with stroke®?.
Recently, a novel treatment that lowers ALP levels has
been proposed to reduce the risk of cardiovascular
events*. Active nutritional intervention and ALP-
targeted treatments will be expected for acute ischemic
stroke patients.
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SUPPLEMENTAL MATERIAL

The Methods of Log-Linearized Gaussian Mixture
Network (LLGMN)

The input to LLGMN is a P-dimensional
evaluation index, z"”=[z1", 22, .., z22"]Te R”,
obtained from various indicators, where 7 identifies
the patient. The output is a two-dimensional posterior
probability vector, Y” € R?, representing either good
or poor functional outcome. The training dataset
comprised evaluation indices 2" (n=1, 2, ..., N) from
N patients out of the M=800 patients as training
inputs and corresponding labels (good or poor
outcomes) Q™ € R% After training the models, the
prediction accuracy was verified by the validation

dataset composed of the data excluded from the
training dataset. Posterior probabilities Y™ (n’=1, 2,
..., N’; N’ is the number of patients in the validation
dataset) of the primary outcome were predicted by
inputting validation inputs z) to the models. The
prediction accuracy of the functional outcome was
then evaluated using the area under the curve (AUC)
from the receiver operating characteristic curve on
predicted posterior probability Y* and true label
Q™. Training and validation of the models for
calculating the AUC were conducted based on the
10-fold cross-validation. Baseline AUCs (reference)
were calculated from the following indicators: age, sex,
and the National Institutes of Health Stroke Scale
score in both prediction models.

Supplement Table 1. Indicators added to the prediction models

Categorical variables

Laboratory findings (continuous variables)

Daily alcohol intake
Current smoking
Hypertension
Diabetes mellitus
Dyslipidaemia
Atrial fibrillation
Previous stroke

Previous ischaemic heart disease

Calculated scores (continuous variables)

BMI (kg/m?)
eGFR (L/min/1.73 m?)
CONUT score
GNRI
NLR
PLR
CAR

Haemoglobin (g/dl)
White blood cell (/ul)
Lymphocyte count (/pl)
Neutrophil count (/pl)
Platelets (x 10 /pl)
Albumin (g/dl)
Total cholesterol (mg/dl)
LDL cholesterol (mg/dl)
HDL cholesterol (mg/dl)
TG (mg/dl)
Cholinesterase (U/I)
AST (U/T)

ALT (U/)

LDH (U/T)
y-GTP (U/T)
BUN (mg/dl)

Cr (mg/dl)
HbAlc (%)

CRP (mg/dl)
D-dimer (pg/mL)

BMI, body mass index; eGFR, estimated glomerular filtration rate; CONUT, Controlling Nutri-
tional Status; GNRI, Geriatric Nutritional Risk Index; NLR, neutrophil-to-lymphocyte ratio; PLR,
platelet-to-lymphocyte ratio; CAR, C reactive protein-to-albumin ratio; LDL, low-density lipopro-
tein; HDL, high-density lipoprotein; TG, triglyceride; AST, aspartate aminotransferase; ALT, ala-
nine aminotransferase; LDH, lactate dehydrogenase; y-GTD, y-glutamyl transpeptidase; BUN,
blood urea nitrogen; Cr, creatinine; HbAlc, haemoglobin Alc; CRP, C-reactive protein.
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Supplement Table 2. Correlation of alkaline phosphatase to laboratory findings

ALP (n=1,484)

Laboratory findings o P
Haemoglobin (g/dl) 0.025 0.34
White blood cell (/pl) (7 =1,483) 0.041 0.11
Lymphocyte count (/pl) (z=1,481) -0.024 0.35
Neutrophil count (/pl) (7 =1,481) 0.051 0.049
Platelet (x 10% /ul) (n =1,482) 0.053 0.042
Albumin (g/dl) (n=1,475) -0.065 0.012
Total cholesterol (mg/dl) (» =1,474) -0.028 0.28
LDL cholesterol (mg/dl) (» =1,455) 0.006 0.83
HDL cholesterol (mg/dl) (= =1,453) -0.098 <0.001
TG (mg/dl) (»=1,466) 0.020 0.45
Cholinesterase (U/I) (n =1,424) -0.041 0.12
AST (U/) 0.103 <0.001
ALT (U/T) 0.078 <0.001
LDH (U/T) (»=1,478) 0.104 <0.001
y-GTP (UN) (n=1,472) 0.137 <0.001
BUN (mg/d]) 0018 0.50
Cr (mg/dl) -0.074 0.005
eGFR (L/min/1.73 m?) 0.041 0.12
HbAlc (%) (z=1,450) 0.002 0.94
CRP (mg/d]) (n=1,477) 0.161 <0.001
D-dimer (pg/mL) (7 =1,435) 0.106 <0.001

LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; y
-GTP, y-glutamyl transpeptidase; BUN, blood urea nitrogen; Cr, creatinine; HbAlc, hae-

moglobin Alc; CRP, C-reactive protein.

Supplement Table 3. Laboratory findings associated with 3-month functional outcome

mRS 0-2 (2 =960) mRS 3-6 (n=524) ?
Haemoglobin (g/dl) 13.7x2.1 13.0+2.3 <0.001
White blood cell (/pl) (7 =1,483) 7016.7 £2686.2 7943.8 £3641.0 <0.001
Lymphocyte count (/pl) (z=1,481) 1720.8 +823.8 1415.9+719.5 <0.001
Neutrophil count (/pl) (7 =1,481) 4692.5+2277.4 5981.8+3525.6 <0.001
Platelet (% 10* /pl) (n=1,482) 20.8+7.6 19.3+£9.4 0.001
Albumin (g/dl) (»=1,475) 4.1%0.5 3.8+0.6 <0.001
Total cholesterol (mg/dl) (» =1,474) 194.5+42.9 188.9+47.3 0.020
LDL cholesterol (mg/dl) (7 =1,455) 116.3%36.9 114.6+38.3 0.41
HDL cholesterol (mg/dl) (»=1,453) 52.0+15.4 51.0x14.6 0.22
TG (mg/dl) (= =1,4606) 130.8+92.7 108.4x77.3 <0.001
Cholinesterase (U/I) (n =1,424) 296.2+79.6 260.4%86.7 0.002
AST (U/T) 25.1£12.9 31.3£28.0 <0.001
ALT (U/T) 22.3+17.6 24.2+55.5 0.34
LDH (U/1) (n=1,478) 210.9+57.2 261.8+134.2 <0.001
y-GTP (U/1) (n=1,472) 43.7+£58.3 45.8+84.9 0.57
BUN (mg/dl) 17.9+10.2 20.8+12.8 <0.001
Cr (mg/dl) 1.14=1.61 1.07%1.12 0.41
eGFR (L/min/1.73 m?) 67.0£24.6 63.2%27.5 0.007
HbAlc (%) (2 =1,450) 6.1%x1.2 6.1x1.1 0.65
CRP (mg/dl) (= =1,477) 0.17 (0.1-0.4) 0.3 (0.1-1.2) <0.001
D-dimer (pg/mL) (n=1,435) 0.9 (0.6-1.4) 1.7 (0.9-3.8) <0.001
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